Objective: The aim of this study was to provide a review of the literature on the use of chimney graft (CG) technique in treating arterial diseases of the aortic arch and to extrapolate conclusions by summarizing the reported outcomes in a meta-analysis.
The first reported implantation of a chimney graft (CG) was in 2003 by Greenberg et al, 1 dealing with a short infrarenal aortic neck in a patient in whom a renal artery was unintentionally covered and finally rescued with a self-expandable stent parallel to the main aortic endograft. The principle of a CG in endovascular repair is to deploy a bare or covered stent in a vital aortic branch between the aortic wall and the endograft to preserve branch patency while extending the sealing zone. This method has been used in a wide diversity of aortic arch diseases, such as aneurysms, dissections, pseudoaneurysms, aortic ulcers, and traumatic aortic transections. The major drawback of the CG technique is the development of a type I endoleak, which is generally attributed to the "gutter" between the main aortic stent graft and the implanted stent extending into the target vessel. In addition, when the CG technique is applied in aortic arch disease, the deployment of stents through the arch vessels is associated with the increased risk of stroke in the anterior and posterior cerebral territories. As an alternative, the custom-made fenestrated and branched stent grafts for the aortic arch provide additional solutions to our armamentarium, with promising results. 2, 3 Nevertheless, experience with that type of stent graft is still limited to a few centers, and it may need a while until its use is more widespread. The aim of this meta-analysis was to provide an updated review of the literature on the use of the CG technique in treating arterial diseases of the aortic arch, focusing on the major outcomes (early and late type I endoleak, 30-day mortality rate, development of perioperative stroke, patency, and retrograde aortic dissection), and to estimate the proportion of cases resulting in each of the listed outcomes. To increase the robustness of our results, the heterogeneity as well as the publication bias was also assessed.
METHODS
Search strategy (review protocol). This review of the current data on CGs (including snorkel, sandwich, and periscope techniques) in endovascular repair of aortic Additional material for this article may be found online at www.jvascsurg.org.
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http://dx.doi.org/10.1016/j.jvs.2017.06.100 arch diseases was performed according to the Preferred Reporting Items for Systematic Reviews and MetaAnalyses criteria for meta-analysis. 4 An extensive electronic search was made using PubMed/MEDLINE, Science Direct Databases, and the Cochrane Library. The search included all papers published up to February 2016 in any language. Medical Subject Headings terms used included "chimney stent grafts," "chimney graft," "chimney," "periscope," "snorkel," "thoracic," "arch," "thoracic aorta," "endovascular repair," and "TEVAR." The reference list of the retrieved studies was also searched for relevant articles.
Eligibility and inclusion criteria. A study was considered eligible according to the following inclusion criteria: (1) describing an endovascular chimney technique in the arch vessels with or without adjunct extra-anatomic debranching; (2) reporting data about baseline characteristics of the patients; (3) reporting of a case series of $10 patients (this threshold was set to reduce the bias resulting from the reduced number of treated cases per center and to avoid potential publication bias); and (4) providing information about at least one of the essential outcomes: early and late type I endoleak, 30-day mortality rate, early and late patency, incidence of perioperative stroke, and retrograde aortic dissection.
Study selection. Articles were selected at the title and abstract level, and the selected papers were critically evaluated for eligibility before inclusion. Articles were excluded if they did not describe the type of CG technique and at least one of the basic outcomes or if the data were not original. Only the most recent report from each center was analyzed in case of duplicate publications on the same population of patients (Fig 1) .
Data extraction. The following data were extracted from each study: number of patients, gender, mean age, number of arch CGs, urgency of treatment, type of aortic lesion treated, type of stent grafts or stents used, target vessels, technical success (defined as successful deployment of the main stent graft as well as the CGs with complete exclusion of the aortic arch disease and without any type I endoleak on completion 30% and 60% indicates a moderate heterogeneity, >60% indicates substantial heterogeneity, and >75% indicates considerable heterogeneity).
The Egger regression 7 analysis was used to assess the possibility of publication bias. A P value < .05 was considered significant with one-sided Egger test.
To calculate a 95% CI for the proportions of outcomes of interest with a margin of error of 0.05 and a precision of 60.05 (5%), a sample size of 345 patients was required.
The statistical analysis was performed using the Comprehensive Meta-Analysis Package V3 (Biostat, Englewood, NJ) statistical software.
RESULTS
The search yielded 478 publications, of which 457 were irrelevant and thus excluded at the title or abstract level. A total of 20 publications were retrieved (Fig 1) . After application of the inclusion criteria, nine were excluded from the analysis because they reported on case series with #10 patients. Finally, 11 studies reporting on a total of 373 patients with 387 chimney grafts were included in the meta-analysis. The basic characteristics of the patients as reported in the included studies are listed in Table I . Most of the patients (56%) who underwent endovascular repair of the aortic arch using the chimney technique had an aortic dissection; 22% had a degenerative aneurysm, 6% had a penetrating aortic ulcer, and 2% underwent endovascular repair for treatment of a persistent type I endoleak after a previous thoracic endovascular aortic repair (TEVAR) procedure. The rest (14%) were operated on for pseudoaneurysm, transection, intraluminal thrombus, or other diseases. The proximal landing zone of the stent graft was aortic zone 0 in 15%, zone 1 in 30%, and zone 2 in 55% of the analyzed patients. The median follow-up period was 16.5 months (quartiles 25-75, 14.6-23 months). A total of 387 CGs were implanted. In 7 patients, two CGs were used; in 366 patients, only a single chimney was used. The revascularized vessels were the brachiocephalic artery in 48, the left common carotid artery in 123, and the subclavian artery in 216 patients (Table II;  Supplementary Table I In all but one study, data about early type Ia endoleak were provided. The overall estimated proportion of early type Ia endoleak was 9.4% (95% CI, 6.5%-13%; Fig 3) . Heterogeneity and publication bias were not significant (Q, P ¼ .42; I 2 ¼ 13; Egger test, P ¼ .129). Six endoleaks (23%) were detected after the implantation of a chimney graft in the brachiocephalic artery (landing zone 0) and four (15%) with chimney grafts in the left carotid artery. Among the 10 studies that provided data, a retrograde type A dissection was observed in two patients, resulting in an overall estimated proportion of retrograde dissection of 1.8% (95% CI, 0.8%-4%) without a significant probability of publication bias (P ¼ .061) or heterogeneity (Q, P ¼ .999; I 2 ¼ 0%).
The overall estimated proportion for 30-day mortality was 7.9% (95% CI, 4.6%-13.2%) without significant heterogeneity (P ¼ .2; I 2 ¼ 25.5%) but with significant publication bias (P ¼ .004; Fig 4) . Reintervention was reported in only six studies (Fig 5) , with an overall estimated proportion of 10.6% (95% CI, 5%-21%). Heterogeneity 19 and a more proximal TEVAR were other reinventions.
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The pooled incidence of major stroke (reported in 10 studies) was 2.6% (95% CI, 1.3%-5%), without significant publication bias or heterogeneity (Q, P ¼ .994; I 2 ¼ 0%;
Egger test, P ¼ .23; Fig 6) . Ten studies reported information about early postoperative patency and nine about late patency at the end of the follow-up period. The overall estimated proportion of early patency was 97.9% (95% CI, 95.8%-99%) without significant publication bias or heterogeneity (Q, P ¼ 1.0; I 2 ¼ 0%; Egger test, P ¼ .367). Similarly the overall estimated proportion of late patency was 92.9% (95% CI, 87.3%-96%) but with a significant possibility of publication bias (Q, P ¼ .148; I 2 ¼ 32.4%; Egger test, P ¼ .0006).
The operative outcomes are accordingly summarized in Tables III and IV (operative outcomes for the studies  with <10 patients are summarized in Supplementary  Tables II and III , online only).
DISCUSSION
Although there is no randomized trial comparing CGs in the aortic arch with open surgery or hybrid procedures, it is still important to review the available data on aortic arch CGs as the technology is being used more and more for aortic arch diseases, demonstrated by the growing number of reported series. This study is the largest up-to-date review with meta-analysis on the CG technique in the aortic arch, focusing on feasibility, safety, and pooled proportion of the most important outcomes. The calculated 30-day mortality rate seems a little lower than for hybrid arch repair (11.9%) and open repair (9.5%) in the meta-analysis by Moulakakis et al. 29 In operating on the aortic arch, there is a risk for stroke, and the cause might differ between the techniques being applied. In addition, stroke has been defined differently than for carotid artery surgery, which makes a comparison more difficult. The stroke after arch surgery is defined in the different articles as a nonreversible neurologic deficit still existing after 1 week. Using this definition, the pooled rate was 2.6% after the chimneys compared with 7.6% after hybrid repair and 6.2% after open repair. 29 Thus, the result for chimneys seems favorable in comparison to the reported series of endovascular and open repair. For example, Martin et al 30 reported a 14% stroke rate in 55 patients having had either a hybrid arch or a proximal descending thoracic aortic repair. In addition, Preventza et al 31 in a recent publication had an operative mortality of 11.1% and a permanent stroke rate of 8.9% in 45 patients who underwent hybrid aortic arch replacement. Another example of the high stroke rate is the multicenter study (also including ourselves) published by Böckler et al, 32 in which the stroke rate after TEVAR without chimney and with a landing zone in the distal arch was 11% at 30 days. A lower rate, though, was seen in the study by Chiesa et al, 33 in which the 30-day mortality rate was 4.5% and the stroke rate was 3.4% in 179 patients who were treated with endografts for aortic arch diseases. A main problem for aneurysm repair after the CG method is the gutter endoleak, a type Ia endoleak resulting from incomplete adherence of the main stent graft to the CG and aortic wall, which may lead to incomplete exclusion of an aneurysm. The disappearance of this gutter endoleak may occur, which was the case during follow-up for all of the endoleaks reported by Zhu et al, 25 for the two reported in the series of Huang et al, 22 for the three reported by Lu et al, 21 for two of the five endoleaks in the series of Xue et al, 27 and for the only reported endoleak by Shirakawa et al. 18 On the other hand, two newly detected type Ia endoleaks were reported by Bin Jabr et al 20 during the follow-up period.
The rest of the reported type Ia endoleaks that failed to disappear during follow-up have been managed by different methods: coil embolization after 3 months in one patient, with right common carotid artery-left common carotid artery-left subclavian artery bypass; open conversion in a patient with type B aortic dissection; proximal extension with cuff implantation; observation and no reintervention in eight patients; and repeated TEVAR with chimney stent graft in one patient.
The estimated proportion of endoleaks in this analysis is almost the same as that reported in the systematic review of CGs in aortic stent grafting by Lindblad et al, 34 in which 314 patients received 364 arch CGs. The rate of early type I endoleak in their work was 11% (arch CGs). The difference between the two studies is that we have done a meta-analysis including only series with 28 The present meta-analysis yielded a pooled retrograde dissection rate that is similar to that after TEVAR (2.2%) reported by Higashigawa et al. 35 It seems as if aneurysmal disease has a lower incidence of <1% compared with dissection of around 5%. If it is necessary to go deeper into the arch, one may speculate that the chimneys in the ascending aorta may hit the wall more because of the movement of the aorta and thus more easily induce a retrograde type A dissection. In comparison to this, the publication on the inner branch technology in 38 patients reported no retrograde dissection, but all patients had an aneurysm as indication. 36 After hybrid arch repair, a retrograde type A dissection after endograft placement might occur, varying between 3% and 6%. 37, 38 An 8.4% rate of type Ia endoleak, 3.4% rate of stroke, and one retrograde type A dissection were reported by Chiesa et al 33 in a series with 179 patients. In comparing these results with this meta-analysis, we could conclude that it seems that the chimney and debranching methods have a relatively similar incidence of type Ia endoleak, retrograde type A dissection, and stroke. 33 Reintervention after endovascular procedures is occurring in up to 22% 37 to 32%, 38 and this also applies to the chimney technique. The reintervention rate was reported in only six studies (Fig 5) , with an overall estimated proportion of 10.6%. Most publications report the patients treated with chimney TEVAR to be unfit for the conventional open surgery. This may be deducted from the comorbidity list; patients also have significant comorbidities, as we can see in our study that 30% of patients had diabetes mellitus or coronary artery disease and >70% had arterial hypertension. These data support that the decision between an endovascular repair and open repair may be chosen on the basis of the clinical condition of the patient as well as the experience and performance of the treating centers.
Limitations. This analysis carries several limitations. First, there is no randomized trial comparing CGs in the aortic arch with open surgery or hybrid procedures. Second, there is a wide diversity of aortic diseases treated with CGs as well, and there are methodologic differences and heterogeneity between the studies. Third, there are no concrete guidelines defining which outcomes should be considered important to report after CGs in the aortic arch.
Last, the significant publication bias encountered in the most analyzed outcomes may reflect the tendency to report the cases with the best results, affecting the capability of this analysis to evaluate the usefulness of CG technique in the aortic arch and to compare its advantages and disadvantages with the other techniques. This significant bias makes the interpretation of results difficult and may reflect the tendency of reporting only the cases with good or acceptable outcomes.
CONCLUSIONS
This meta-analysis adds additional information, in spite of the considerable probability of publication bias among the published studies selected for quantitative analysis and tendency to report the cases with the best results in the selected series, that endovascular repair of aortic arch diseases using chimney technique for preservation of the flow to the arch vessels is technically feasible with acceptable results. 
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